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ABSTRACT
To evaluate the role of diel heating and cooling cycles in the upper water column
in marine snow settling processes, particle distribution data from 15 marine snow camera
casts were analyzed to examine variations in aggregate abundance, ellipsoidal volume,
and particle elongation with depth. Data were collected during two cruises aboard R/V
Endeavor in the Gulf of Mexico (GoM), EN620 in 2018 and EN642 in 2019. To develop
a deeper understanding of daily patterns in marine snow settling, data were collected at
the beginning and end of daily heating cycles. Temperature data were obtained by camera
mounted Seabird SBE19+ model CTD and were analyzed for variations in thermocline
depth. To focus on daily variations, the first 30 meters of the water column were studied
at two-meter depth intervals. The 2019 data were collected within a distinct plume of
fresh water from the Mississippi (MS) River whereas the 2018 data were collected when
MS River freshwater was distributed more widely in the northern GoM.
An accumulation of aggregates was seen above the diel thermocline in evening
casts but not in the morning casts, caused by the stagnation of aggregates at density
discontinuities. It is likely that when the diel thermocline shallows over night these
aggregates are isolated below the vertical density gradient where they have a chance to
settle further through the water column. Data from the three sites during cruise EN642
showed distinctly different particle abundance and volume dependent upon each site’s
location within the freshwater plume.
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CHAPTER I - INTRODUCTION
1.1 The Biological Pump and Carbon Sequestration
With the rise in atmospheric carbon dioxide, the role the ocean plays in CO2
sequestration is becoming increasingly more important. The biological pump (Figure 1.1)
is a complex series of interactions including air-sea gas exchanges, the ocean food web,
and consists of both the organic carbon pump and the calcium carbonate pump (Passow
and Carlson, 2012; Turner, 2015). The organic carbon pump is a series of processes in
which particulate organic carbon (POC), produced by photosynthesizing organisms in the
surface ocean, settles to the deep ocean where it is ultimately buried in ocean sediments
(Turner, 2015; Stukel et al, 2013; Passow and Carlson, 2012; Gardner, 1995). The
calcium carbonate pump is driven by the biological incorporation of carbon into calcium
carbonate shells (Passow and Carlson, 2012). Efforts to quantify the processes that
control the export of carbon out of the upper ocean have recently gained large amounts of
attention with projects like the Export Processes in the Ocean from Remote Sensing
(EXPORTS) (Siegel et al. 2016).
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Figure 1.1 Diagram Depicting the Ocean’s Carbon Cycle
(https://serc.carleton.edu/eslabs/carbon/6a.html)

Once CO2 is removed from the atmosphere and biologically fixed, it is stored on
different time scales within the biological pump, ranging from months to millennia. The
length of storage is dependent upon the depth of remineralization of the particulate
organic carbon and determines whether exported carbon will be effectively removed into
marine sediments (Passow and Carlson, 2012). Once carbon is transported deeper than
1000m, it is considered to be part of long-term sequestration in the ocean (Primeau,
2005). According to the Intergovernmental Panel on Climate Change, carbon must be
removed from the atmosphere for over 100 years for it to be considered part of long-term
sequestration (IPCC, 2007). While it is important to understand the criteria that allow for
long-term carbon removal in the deep ocean, surface processes are key to creating a full
12

picture of carbon sequestration. It is in the upper water column that marine snow
aggregates first acquire shape and size characteristics that affect their trajectory through
the water column.
1.2 Marine Snow
Marine snow is an important part of the biological pump as it is the main form of
organic carbon flux from the surface ocean to the sea floor, often a place for enhanced
bacterial activity, and a main food source for zooplankton (Alldredge, 1972). Marine
snow is defined as aggregates greater than 0.5 mm in size but can be tens of centimeters
large (Alldredge and Silver, 1988). These aggregates are derived from clumps of
phytoplankton, fecal matter, bacteria, detritus and feeding structures, but can incorporate
many organic or inorganic materials, as well as oil (Alldredge and Silver, 1988).
Although marine snow exists throughout the water column, many aggregates are formed
within the surface ocean, in the euphotic zone. Two primary mechanisms of formation
near the sea surface have been described to date. The first is via zooplankton activity
which creates large feeding webs that become marine snow once they begin to decay.
The second is through physical aggregation of smaller components via collision
(Alldredge and Silver, 1988). Once formed, marine snow aggregates sink through the
water column via gravitational settling (Alldredge and Gotschalk, 1988). Settling rates
vary widely from single meters to hundreds of meters per day (Alldredge and Gotschalk,
1988; Lampitt et al., 1993; Diercks and Asper, 1997; Passow et al., 2012; Turner, 2015).
Many processes can affect the rate at which aggregates settle through the water column.
This includes collision with slower settling or less dense particles to create a different
combined settling speed, being broken apart into smaller aggregates due to turbulence
13

(Kiørboe, 2001), and biological activities like feeding and bacterial remineralization
(Marsay et al., 2015; McDonnell et al., 2015).
Although much of the recent work on marine snow in the GoM focuses on oil
related marine snow (Daly et al., 2016; Passow et al., 2012; Passow & Ziervogel, 2016),
this study focuses on natural marine snow without the influence of oil. One earlier study
from 1997 (Diercks and Asper) describes the settling behavior of natural marine snow in
the upper water column in the vicinity of the Mississippi River.
1.3 Previous work on Temporal Variations in Marine Snow Abundance and Settling
Until the 1980s, it was believed that particulate organic matter settled through the
water column in a consistent and steady rain (Suzuki and Kato, 1953). Since then, many
studies have identified both spatial and temporal variations in marine snow settling
patterns. Factors such as grazing habits (Redalje et al., 1994), seasonal changes in surface
production (Liu & Chai, 2009), light availability (Lohrenz et al., 1992), and temperature
(Laws et al., 2000) have been studied to describe seasonal and yearly variations in
settling behavior. A study by Lampitt et al. (1993) was one of the first to describe a diel
periodicity in volume concentrations, with concentrations being higher in the early
morning than other times during the day. The study used a moored flux camera system at
270 m depth to capture an image of 20 L of water every 512 minutes for 154 days.
Graham et al. (2000) found similar results using a profiling camera system in the upper
80-150m, specifically that there was a decrease in particle abundance at night. Both
studies concluded that the most likely cause of these variations was diel variability in
zooplankton grazing in the upper water column.
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However, a study by Ruiz et al. (1997) used a model of particle dynamics to study
what causes daily cycles in marine aggregate concentrations. They proposed that
zooplankton grazing patterns were more likely to cause variations on seasonal and annual
cycles, linked to phytoplankton blooms, rather than daily. The study identified turbulence
to be the best candidate for the cause of daily cycles in marine aggregate sedimentation
and variations in vertical distributions. The variability of turbulence was caused by
changes in thermal radiation throughout the day. Warming during the day causes
increased stratification and less turbulence due to mixing. Conversely, at night when
surface waters cool, there is more turbulence due to the release of kinetic energy. These
patterns allow particles to settle over night but remain isolated during the day, leading to
a diel pulsing of aggregate settling. This could be representative of processes occurring
near the seasonal thermocline, making the finding in this work a case study for larger
scale particle export.
A study by a recent master’s graduate at the University of Southern Mississippi,
Blancher (2019) found a diurnal periodicity in particle flux out of the upper water column
using a camera system moored at 150 m. He found that there was a peak of particle
abundance at that depth, lasting three to four hours and occurring around noon. He also
determined that at least 70% of total daily flux was contained within these peaks. These
studies were inspiration to focus on the surface area of the water column to examine the
impacts that diel heating and cooling cycles have on marine snow.
1.4 Research Questions
Do variations in the depth of the diel thermocline influence daily patterns in
aggregate settling and abundance in the upper water column, seen deeper in the water
15

column in previous studies? Marine snow aggregates that are slowed in settling by the
density gradient at the diel thermocline during the day, could be isolated below that depth
when the diel thermocline shallows over night allowing them to settle further and occupy
more of the water column below the surface.
Additionally, can daily heating cycles cause diel aggregate variations at a site
experiencing influence from a freshwater river plume? In the northern GoM, the salinity
stratification likely dominates the overall vertical density profile, however, the diel
thermocline is likely the primary cause of changes in the vertical density profile on the
daily time scale. Water masses mixing due to interactions between plume water and gulf
water could overshadow the impact of diel thermocline movement on marine snow
aggregates.
1.5 Site Description
Data collected during two R/V Endeavor cruises, EN620 and EN642, were used
for this study. Data from Site 5 of EN620 and Site 16 from EN642 were compared. The
purpose of this was to compare findings between two consecutive years. Figure 1.2
shows the individual locations of all casts from both cruises as a well as the sites
containing the casts used in this study. Table 1.1 includes the time, coordinates, and site
at which each cast was taken. All times are in 24-hour central daylight time.
The EN620 cruise was part of a monitoring project by the Ecosystems Impacts of
Oil and Gas to the Gulf (ECOGIG) after the Deepwater Horizon spill in 2010, funded by
the Gulf of Mexico Research Initiative (GoMRI). During this cruise, in August 2018, 6
marine snow camera casts were conducted. Data were collected in clusters both
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temporally and spatially at two sites. Three casts from the EN620 cruise are being used in
this study.
EN642 took place during July and August of 2019, and sixteen marine snow
camera casts were conducted from the R/V Endeavor in the GoM on an NSF funded
cruise. Twelve of these camera casts, contained within three sites, were used in this study.
Both CTD data and camera data collected at the same site were compared against each
other to study thermocline and aggregate variations.

Figure 1.2 Marine Snow Camera Casts Map
Map of the northern GoM showing the camera casts from EN620 with green markers and the casts from EN642 with blue markers.
White circles highlight the casts being used in this study and the sites from each cruise, with Site 5 from EN620 and Site 16 from
EN642 being in the same general location.
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Table 1.1 Marine Snow Camera Cast Information
Cruise

Site

EN620

5

5

EN642

13

16

Cast #
1
2
3
1
2
3
4
7
8
9
10
13
14
15
16

Latitude (N)
27.944
27.808
27.726
27.758
27.823
27.877
27.912
27.983
27.991
28.006
27.994
28.059
28.000
27.860
27.843

Longitude (W)
88.448
88.477
88.389
87.673
87.676
87.771
87.880
89.876
89.856
89.782
89.711
88.694
88.641
88.472
88.414

Date
08/20/2018
08/22/2018
08/24/2018
07/23/2019
07/24/2019
07/24/2019
07/25/2019
07/28/2019
07/29/2019
07/29/2019
07/30/2019
08/01/2019
08/02/2019
08/02/2019
08/03/2019

Time (CDT)
03:47
23:51
02:44
20:49
05:34
21:00
05:36
21:21
05:40
21:19
05:38
21:06
05:39
23:38
05:33

EN620 and EN642 Information for each camera cast including latitude and longitude in decimal degrees, and date and time in central
daylight time and site number.

1.6 EN642 Freshwater Plume
The influence of fresh water from the Mississippi River was a point of focus for
the EN642 cruise objectives. The principal investigators of EN642 chose to sample
within a freshwater plume coming off the Mississippi River to look for variations in
nitrogen concentrations. Satellite images of chlorophyll a were initially going to be used
for studying the extent of the freshwater plume. However, high cloud coverage during the
cruise caused poor quality in the satellite images, shown in Figure 1.3, making them
unsuitable for this study. HYbrid Coordinate Ocean Model (HYCOM) surface salinity
data were used instead in this study to show the locations in relation to the MS River
plume waters.
Higher aggregate abundance due to increased primary productivity (Redalje et al.,
1994) and lateral advection bringing water masses with high or low levels of aggregates
18

into marine camera cast areas (Murawski et al., 2020) are some potential influences of a
freshwater plume on aggregates in the upper water column.

Figure 1.3 Satellite Image of Chlorophyll a During Cruise EN642.
The black part of the image are areas of no data (mostly caused by cloud cover. The chlorophyll is represented by a color scale, with
red being high levels of chlorophyll and purple being low.
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CHAPTER II - METHODS
2.1 Marine Snow Data Collection
A marine snow camera system was used during both cruises to document the
vertical distribution of marine aggregates larger than 0.2 mm in diameter. The marine
snow camera system is comprised of a Nikon D7000 digital camera, a SeaBird Seacat-19
CTD, and a WET Labs C-Star 25 cm Transmissometer (0). Two light strobes with
collimators were placed 60 cm in front of the camera to illuminate a collimated slab of
light in the water, shown in Figure 2.2. The camera was lowered to 250 m at a rate of 10
meters per minute capturing an image every 6 seconds to achieve high vertical resolution
of 1 m per frame in the upper water column. Camera and CTD time were matched before
each lowering, allowing the determination of depth for each camera image during post
processing of the data.

Figure 2.1 Marine Snow Camera System
Pictures showing the marine snow camera configuration with the camera and light collimators attached to strobes.
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Figure 2.2 Collimated Light Sources
Collimated light sources, together with the camera optics, produce a well-defined box or volume of water.

The images were processed using Image-Pro® software. The same area of interest
(AOI), shown with the grey box in Figure 2.2, was analyzed in each image to define a
specific volume. This volume of water was calculated based on the AOI, the camera lens
and the collimated light sources. Aggregates equal to or greater than 0.2 mm in diameter
were counted, measured, and used in this study. Roy Jarnagin created a separate binning
software that binned counted particles by their average minimum, maximum, and mean
radius and diameter, major and minor axis length, area, perimeter, radius ratio, and
roundness for aggregates within 9 size classes within each image. The particles were
binned based on area by sizes of ≥0.2-0.4 mm, >0.4-0.6 mm, >0.6-0.8 mm, >0.8-1 mm,
>1- 1.2 mm, >1.2-1.4 mm, >1.4-1.6 mm, >1.6-1.8 mm, >1.8 mm.
During post-processing, aggregate data were further binned into 2 m vertical
depth bins. Ellipsoidal particle volume, number of particles, and elongation were
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calculated from the processed image data to examine particle trends in the upper 30 m of
the water column.
2.2 Marine Snow Data Analyses
2.2.1 Ellipsoidal Particle Volume
The ellipsoidal volume of aggregates was studied by calculating the volume of
particles L-1 of water and the percentage of the total ellipsoidal volume. This was done
using 10 different size classes of the aggregates in 2m vertical depth bins. The steps for
these calculations were:
1) Using the mean length and width of aggregates per image within the
previously stated 9 size classes retrieved from the Image-Pro® data, the
average ellipsoidal volume of aggregates was calculated within each image
using Equation 1:
𝐸𝑙𝑙𝑖𝑝𝑠𝑜𝑖𝑑𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 =

4
3

𝜋((

𝑤𝑖𝑑𝑡ℎ 2
)
2

∗

𝑙𝑒𝑛𝑔𝑡ℎ
2

)

Equation 1

2) The value for average ellipsoidal volume was multiplied by the number of
particles counted by Image-Pro® to get the total ellipsoidal volume of particles
contained within each size class for each image. To normalize these values by
volume of water, each value for total ellipsoidal volume was divided by the
amount of water illuminated by the marine snow camera strobes within each
image.
3) Ellipsoidal volume was averaged in 2m depth bins. For simplification of the
data the previously stated 9 size classes were combined to give 5 total particle
size classes of ≥0.2-0.4 mm, >0.4 - 0.8 mm, >0.8 - 1.2 mm, >1.2 - 1.6 mm,
and >1.6mm.
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4) The Ellipsoidal volume of aggregates within each of the 5 size classes was
divided by the total volume of aggregates in the depth bin to calculate the
percent of the total volume.
2.2.2 Aggregate Abundance
The abundance or number of aggregates at the cast locations were studied by
calculating the number of aggregates L-1 in the 9 different size classes in 2m depth bins.
The steps for this calculation are:
1) The number of aggregates counted per image in 9 size classes was extracted
from the ImagePro® data.
2) The number of aggregates per size class in each image were normalized by the
volume analyzed within each image.
3) The resulting data were averaged in 2m depth bins. For simplification of the
data the previously stated 9 size classes were combined to give 5 total particle
size classes of ≥0.2-0.4 mm, >0.4 - 0.8 mm, >0.8 - 1.2 mm, >1.2 - 1.6 mm,
and >1.6mm.
2.2.3 Elongation
Elongation was used in this work to measure the aggregates closeness to a sphere.
The steps for this calculation are:
Using the mean aggregates length and width per image in 9 size classes retrieved
from the Image-Pro® data, elongation was calculated using Equation 4.
width

Elongation = 1 − (length)

Equation 2

The resulting data were averaged in 2m depth bins. For simplification of the data,
the previously stated 9 size classes were combined to give 5 total particle size classes of
23

≥0.2-0.4 mm, >0.4 - 0.8 mm, >0.8 - 1.2 mm, >1.2 - 1.6 mm, and >1.6mm. Aggregates
with elongation values closer to 0 are more round, while aggregates with elongation
values closer to 1 are more elongated.
2.2.4 Kolmogorov–Smirnov Tests
To determine whether the data from the marine snow camera casts were
statistically different, two-sample Kolmogorov-Smirnov tests (KS test) were performed
on data within the upper 30 m of the water column. This was done using a Matlab
function from the Statistics and Machine Learning Toolbox. The two-sample KS test is a
nonparametric test of the equality of two data distributions. The null hypothesis is that
both samples have the same distribution. The ‘KStest2’ function in Matlab determines
whether the null hypothesis is true. If the function finds that the comparison of the two
samples rejects the null hypothesis by a 5% significance level, then this study will
consider them statistically different allowing for further comparison of the data sets.
2.2.5 Thermocline Depth Determination
Temperature data from the CTD casts conducted with a Seabird SBE19+ model
CTD, mounted to the marine snow camera frame, were used in this study to determine
variations in thermocline depth throughout the day with an optimal linear fit method
created by Chu and Fan (2020). This method consists of four steps:
(1) Creating a linear fit from a near surface point (Z1) down to a chosen depth
(Zk) (thought to be at the base of the mixed layer) and calculating the rootmean-square error E1 (k) between the observed data (T1, T2, . . . , Tk) and fitted
⏞1 , ⏞
data (𝑇
𝑇2 , . .. , ⏞
𝑇𝑘 ) using equation 5.
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1
⏞𝑖 )2
𝐸1 (𝑘) = √𝑘 ∑𝑘𝑖−1(𝑇 − 𝑇

Equation 3

(2) Selecting a small number of points below chosen depth (Zk) because below the
mixed later the temperature gradient quickly increases. The bias between those
observed values (Tk+1, Tk+2, . . . , Tk+n), and the values of the linear fit
⏞𝑘+1 , ⏞
extrapolated to those depths (𝑇
𝑇𝑘+2 , . .. , ⏞
𝑇𝑘+𝑛 ), was calculated using
equation 4.
1
𝐵𝑖𝑎𝑠(𝑘) = 𝑛 ∑𝑛𝑗=1(𝑇𝑘+𝑗 − ⏞
𝑇𝑘+𝑗 )

Equation 4

(3) Calculating the ratio between the absolute bias and the root-mean-square error
E1 (k) using equations 5 and 6.
𝐸2 (𝑘) = |𝐵𝑖𝑎𝑠(𝑘)|
𝐸2 (𝑍𝑘 )

Equation 5
Equation 6

𝐸1 (𝑍𝑘 )

(4) Finding the depth with the maximum error ratio to identify the thermocline
depth.
2.2.6 HYCOM Surface Salinity Mapping
As previously stated, cloud coverage at the time of the EN642 cruise made
satellite data unusable. Originally, satellite data were going to be used to create maps of
chlorophyll a in the northern GoM to visualize the extent of the freshwater plume from
the Mississippi River. Instead of using the satellite data, surface salinity data from the
HYCOM were plotted in the cruise area. HYCOM data were retrieved at the time of each
marine snow camera cast, and then, using MATLAB, maps of surface salinity were
created for the time of each cast, with the locations of the casts within each site plotted as
well. All HYCOM surface salinity maps are presented in the results section of this paper.
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Because the HYCOM surface salinity data do not provide completely accurate values,
especially near the surface (Thacker, 2006), these maps were only used to give an
estimate of where the marine snow casts were taken in relation to the plume. CTD data
was used for accurate salinity values.
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CHAPTER III - RESULTS
3.1 Diel Thermoclines
A CTD cast was conducted with each marine snow camera cast. The diel
thermocline depth was determined using the optimum linear fit method (0). The values
are also marked on the abundance and volume composite figures for each site (Figure
3.2Error! Reference source not found., Figure 3.5, Figure 3.6,Error! Reference
source not found. Figure 3.11Figure 3.12). The diel thermocline at EN642 site 5 ranged
from 7-14 m, at site 13 it varied from 6-10 m, and at site 16 it varied from 2.5-10 m. The
thermoclines in the evening casts were deeper than those of the morning casts,
differences ranging from ~2-8m throughout the three sites. The depths of the diel
thermocline at the three casts in EN620 site 5 were very similar to one another, varying
between 4-5 m. It is important to note that the EN620 casts were each performed around
the same time of day, two days apart from each other.
Table 3.1 Thermocline Depth During Each Cast

Site 5

2019
EN642

Site 13

Site 16

2018
EN620

Site 5

Cast 1

Cast 2

Cast 3

Cast 4

Time (CDT)

20:49

05:34

21:00

05:36

Depth of
Thermocline [m]

14

10

12

7

Cast 7

Cast 8

Cast 9

Cast 10

21:21

05:40

21:19

50:38

10
Cast 13

6
Cast 14

8
Cast 15

6
Cast 16

21:06

5:39

23:38

05:33

10

7

5

2.5

Cast 1

Cast 2

Cast 3

03:47

23:51

02:44

4

5

4

Time (CDT)
Depth of
Thermocline [m]
Time (CDT)
Depth of
Thermocline [m]
Time (CDT)
Depth of
Thermocline [m]

Diel thermocline depths (m) at local time
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3.2 EN620 Site 5
3.2.1 EN620 Site 5 Salinity
Marine snow camera casts during the 2018 EN620 cruise were each conducted
two days apart. Surface salinity in the area around site 5 casts 1, 2 and 3 was consistent,
ranging from 34-35 (Figure 3.1). The maps a, b, and c of HYCOM surface salinity in
Figure 3.1 show that there was no distinct freshwater plume coming from the Mississippi
River at the time of the EN620 cruise, but rather a widely distributed area of slightly
lower salinity, when compared to average sea water (around 35). These maps provide
insight into influences such as lateral advection or higher aggregate load due to the river
plume. Salinity profiles, in Figure 3.2 and Figure 3.3, show values were lower near the
surface, with casts 1 and 2 showing surface salinities at around 31 and cast 3 showing
higher salinity around 33. Casts 1 and 2 show haloclines where salinity increases to
around 33 around 10 and 15m, respectively.
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b)

a)

c)

Figure 3.1 Maps of HYCOM Surface Salinity Data for EN620 Site 5
Maps of surface salinity HYCOM data, represented by a color scale, for the date and time of the 2018 EN620 cruise site 5 cast 1 (map
a), cast 2 (map b), and cast 3 (map c). Black dots with numbers mark the locations of each cast within the map. Salinity is plotted on a
color scale, with blue colors being fresher water and red colors being higher salinity waters. This site was located southeast of the MS
River Bird-foot delta. Maps show no distinct freshwater plume from the MS River.

3.2.2 EN620 Aggregate Abundance
The aggregate abundance data from the EN620 Cruise were similar across each
cast. The top two meters had a high number of aggregates of about 30- 40 L-1 (0 plots a,
c, and e). Below that depth, which was also just above the diel thermocline in these sites,
a decrease in aggregate abundance to around 20 L-1 of water was observed. Below the
diel thermocline, the number of aggregates increased again, cast 3 (0 plot e) showing the
most drastic increase going from ~15 to ~30 L-1. Beam attenuation reflected the opposite
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trends of the aggregate number data down to 30m. In all sites, as the number of
aggregates increased the beam attenuation decreased. This is especially clear in cast 1 (0
plot a) at 9 m and then again at 20 m, and in cast 2 (0 plot c) at 20 m. Beam attenuation
reflected the opposite patterns of the salinity profiles in each cast. Surface beam
attenuation values at this site were low ranging from 0.48 m-1 to 0.32m-1. Conversely,
aggregate load was high at this site ranging from 10 to 40 L-1 of water. There were no
distinct differences in abundance between successive casts (0 plots b and d).
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a)

b)

c)

d)

e)

Figure 3.2 EN620 Site 5 Aggregate Abundance
Number of aggregates L-1 for five size classes in 2m depth bins for the three casts in EN620 site 5 (plots a, c, and e). Aggregate data
are plotted as bar graphs with temperature, salinity, and beam attenuation profiles for the first 30m of the water column. Plots b and d
present comparison data, where differences in aggregate abundance L-1 between two casts and the temperature differences are plotted.
The depth of the diel thermocline is represented by the thick black lines across plots a, c, and e. This figure allows for visual
comparison of aggregate data between casts, as well as aids in correlation between aggregate data and temperature, salinity, and beam
attenuation.

3.2.3 EN620 Ellipsoidal Volume
Ellipsoidal volume L-1 was highest in the top 2-4 m, seen in bar graphs of vertical
profiles of ellipsoidal volume per in Figure 3.3 plots a, c, and e. Casts 2 and 3 (plots c and
e) showed higher volumes in the top 4 m of the water column, around 9-19 mm3L-1,
followed by a sudden decrease in volume below the diel thermocline. Cast 1 (plot a)
showed a high volume of particles (16 mm3L-1) in only the top 2 meters, and below that
depth particle volume decreased to around 4 mm3L-1, above the diel thermocline. Below
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the diel thermocline in cast 1, particle volume increased to 4 mm3L-1. Most of the volume
in these casts was made up by larger aggregates, >1.6 - >1.8 mm2 in size. Not many
distinct differences between successive casts were noted, aside from cast 3 having higher
volume, by around 10 mm3L-1, than cast 2 at 4 m.
a)

b)

c)

d)

e)

Figure 3.3 EN620 Site 5 Ellipsoidal Volume
Ellipsoidal volume L-1 for five size classes in 2m depth bins for the three casts in EN620 site 5 (plots a, c, and e). Volume data are
plotted as bar graphs with temperature, salinity, and beam attenuation profiles for the first 30m of the water column. Plots b and d
present comparison data, where differences in ellipsoidal volume L-1 between two casts and the temperature differences are plotted.
The depth of the diel thermocline is represented by the thick black lines across plots a, c and e. Ellipsoidal volume plots provide
insight into how the amount of marine snow material changes with depth and with diel heating and cooling cycles.

3.2.4 EN620 Site 5 Summary of Aggregates Above the Diel Thermocline
To further determine if there were significant changes in aggregates from cast to
cast, the average ellipsoidal volume and aggregate abundance L-1 of water above the diel
thermocline were calculated for each cast (Table 3.2). The average aggregate abundance
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and average ellipsoidal volume for the ≥0.2 - 1.0 mm2 size class were similar from cast to
cast. More variability in ellipsoidal volume for the >1.0 - >1.8 mm2 size class, with
values of 9.2 mm3L-1 σ=8.3 (n=2), 8.1 mm3L-1 σ=5.3 (n=3), and 13.8 mm3L-1 σ=5.3 (n=2)
for casts 1, 2, and 3 respectively (Table 3.2) were observed. The smaller size class had
lower volume averages but higher abundance averages than the larger size class in each
cast. Standard deviation values were highly variable, ranging from 0 to 10.1. The total
volume and abundance values were similar between the three casts.
Table 3.2 EN620 Site 5 Average Volume and Abundance Above Diel Thermocline

Cast
1

Time (CDT)
Depth of Thermocline (m)
Size Class (mm2)
Average Volume of
Aggregates (mm3 L-1)
Average Aggregate
Abundance L-1

≥ 0.2 - 1.0

8/20/2018 03:47
4
STDEV
>1.0 STDEV
0.2

9.2

8.3

10.5

8.5

17.3

5.5

9.4

2.8

26.8

8.3

8/22/2018 23:51

Depth of Thermocline (m)

5

Size Class (mm )

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

Average Volume of
Aggregates (mm3 L-1)

1.6

0.7

8.1

5.3

9.7

6

Average Aggregate
Abundance L-1

18.8

10.1

7.2

1.3

26.0

14.1

2

Cast
3

STDEV

1.3

Time (CDT)

Cast
2

Total

Time (CDT)

8/24/2018 02:44

Depth of Thermocline (m)

4

Size Class (mm2)

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

Average Volume of
Aggregates (mm3 L-1)

1.3

0.0

13.8

5.3

15.1

5.3

Average Aggregate
Abundance L-1

16.4

3.7

7.0

2.1

23.3

10.4

Average volume and abundance of aggregates L-1, above the diel thermocline, for two size classes per cast in EN620 Site 5.
Calculating these average values in two class sizes shows that there was more variation between casts in average volume of large
particles. Standard deviation is included for each average value. The average total volume and abundance (all size classes combined)

3.3 EN642 Site 5
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3.3.1 EN642 Site 5 Salinity
Site 5 from the EN642 cruise was located at the furthest extent of the freshwater
plume from the Mississippi River. The water around site 5 was heterogeneous in terms of
surface salinity, with freshwater from the MS River creating vortices entraining higher
salinity water from the GOM within the freshwater plume (Figure 3.4). Surface salinities
ranged from 35 to 36 at the locations of the casts at site 5. Surface salinity values were
lower during casts 1 and 2, around 35, while casts 3 and 4 were conducted in higher
salinity areas. Salinity profiles in Figure 3.5Figure 3.6 lack uniformity between casts and
have inconsistent and spikey salinity values with depth. They also show distinct
haloclines at each cast, where salinity increases to around 36.5, ranging from 6 - 15 m in
depth associated with a sudden decrease in beam attenuation at the same depth.
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a)

b)

c)

d)

Figure 3.4 Maps of HYCOM Surface Salinity Data for EN642 Site 5
Maps of surface salinity HYCOM data, represented by a color scale, for the date and time of 2019 EN642 site 5 cast 1 (map a), cast 2
(map b), cast 3 (map c), and cast 4 (map d). Black dots with numbers mark the locations of each cast within the map. Salinity is
plotted on a color scale, with blue colors being fresher water and red colors being higher salinity waters. This site was located where
vorticities were created from interactions between plume water and gulf water.

3.3.2 EN642 Site 5 Aggregate Abundance
The casts performed in the evening at site 5 had increased aggregate abundance
just above the diel thermocline, the morning casts did not show the same pattern (Figure
3.5). Cast 1 and 3 (plots a and c) had a higher aggregate abundance above the diel
thermocline (~8 L-1) and decreased aggregate abundance just below the diel thermocline
(~5 L-1). Both sites also have a small spike in beam attenuation and a small decrease in
smaller aggregates just above the thermocline depth. Casts 2 and 3 (plots c and e) had a
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higher abundance in the top 2-4 m, ~8 L-1, and then a decreased in aggregate abundance
with depth. The comparison plot between casts 1 and 2 (plot b) shows that site 2 has a
higher abundance of aggregates in the top few m, about 2 L-1 more. The comparison plot
between cast 3 and 4 (plot f) shows that cast 3 had more aggregates in the top few meters
of the water column than cast 4 (6 L-1 more). Cast 4 had less variable and lower
abundance values through the top 30m of the water column than the other 3 casts, staying
at around 2 L-1.
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a)

b)

c)

e)

d)

f)

e)

g)

Figure 3.5 EN642 Site 5 Aggregate Abundance
Number of aggregates L-1 for five size classes in 2m depth bins for the four casts in EN642 site 5 (plots a, c, e, and g). Aggregate data
are plotted as bar graphs with temperature, salinity, and beam attenuation profiles for the first 30m of the water column. Plots b, d, and
f present comparison data, where differences in aggregate abundance L-1 between two casts and the temperature differences are
plotted. The depth of the diel thermocline is represented by the thick black lines across plots a, c, e, and g. It is important to note that
cast 3 is plotted twice, both labeled as plot e. Aggregate abundance values from the casts performed at EN642 site 5 ranged from 2 to
8 aggregates L-1 in the top 30m of the water column.

37

3.3.3 EN642 Site 5 Ellipsoidal Volume
The ellipsoidal volume data from all casts show a high volume of aggregates in
the first 2 m. The data also show an increase in volume just above or at the depth of the
diel thermocline for each cast and a decrease in volume below that depth (Figure 3.6 plots
a, c, e, and g). Cast 2 (plot c) had a noticeably higher volume of aggregates in the top 15
m than the other three casts, ranging from 15-25 mm3 L-1, this can be seen in comparison
plots b and d. Cast 4 (plot g) had a noticeably lower volume of small aggregates, 0.2-1.6
mm2 size classes, through the top 30m of the water column.
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a)

b)

e)

c)

d)

f)

e)

g)

Figure 3.6 EN642 Site 5 Ellipsoidal Volume
Ellipsoidal volume L-1 for five size classes in 2m depth bins for the four casts in EN642 site 5 (plots a, c, e, and g). Volume data were
plotted as bar graphs with temperature, salinity, and beam attenuation profiles for the first 30m of the water column. Plots b, d, and f
present comparison data, where differences in aggregate abundance L-1 between two casts and the temperature differences were
plotted. The depth of the diel thermocline was represented by the thick black lines across plots a, c, e, and g. It is important to note that
cast 3 was plotted twice, both labeled as plot e. Volume from the casts performed at EN642 site 5 did not have a lot of variation with
depth, except for the top few meters of each cast. Cast 2 has higher noticeably higher volume than the other 3 casts and cast 4 had less
variable and lower levels of volume than the other 3 casts.

39

3.3.4 EN642 Site 5 Summary of Aggregates above the Diel Thermocline
To determine significant changes in aggregates from morning to evening, the
average ellipsoidal volume and aggregate abundance L-1 of water above the diel
thermocline was calculated for each cast. 0 contains these data split into two size classes,
≥

0.2 - 1.0 mm2 and >1.0 mm2. The two size classes were chosen to determine if there

were differences between small and large aggregates. In each cast, the average volume of
the ≥ 0.2 - 1.0 mm2 size class was lower than that of the larger class size. However, for
average aggregate abundance only, casts 2 and 4 show the larger class size having a
higher average abundance, whereas for casts 1 and 3 the smaller size class had a higher
abundance. Cast 2 had significantly higher volume of larger aggregates than the other
three casts, with an average volume of aggregates L-1 above the diel thermocline being
19.3 mm3 L-1 σ=3.4 (n = 5). The values for casts 1, 3, and 4 were 4.9 mm3 L-1 σ=2, 5.2
mm3 L-1 σ=4.7, and 3.2 mm3 L-1 σ=1.2 respectively (0).
Table 3.3 EN642 Site 5 Average Volume and Abundance above Diel Thermocline

Cast
1

Cast
2

Time (CDT)

7/23/2019 21:21

Depth of Thermocline (m)

14

Size Class (mm2)
Average Volume of
Aggregates (mm3 L-1)
Average Aggregate
Abundance L-1

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

0.5

0.1

4.9

2.0

5.4

1.9

2.9

0.5

1.8

0.3

4.7

0.5

Time (CDT)

7/24/2019 5:40

Depth of Thermocline (m)

10

Size Class (mm2)

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

Average Volume of
Aggregates (mm3 L-1)

0.4

0.1

19.3

3.4

19.7

3.4

Average Aggregate
Abundance L-1

2.2

0.5

2.4

1.6

4.6

1.6
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Table 3.3 (continued).

Cast
3

Time (CDT)
Depth of Thermocline
(m)
Size Class (mm2)

7/24/2019 21:19
12
≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

Average Volume of
Aggregates (mm3 L-1)

0.5

0.2

5.2

4.7

5.7

4.6

Average Aggregate
Abundance L-1

2.9

0.7

2.0

1.3

4.9

1.6

Time (CDT)
Depth of Thermocline
(m)
Cast
4

7/25/2019 05:38
6

Size Class (mm2)

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

Average Volume of
Aggregates (mm3 L-1)

0.1

0.1

3.2

1.2

3.3

1.2

Average Aggregate
Abundance L-1

0.8

0.3

1.0

0.3

1.8

0.1

Average volume and abundance of aggregates L-1, above the diel thermocline, for two size classes per cast in EN642 Site 5.
Calculating these average values in two class sizes shows that there was more variation between casts in average volume of large
particles. Standard deviation is included for each average value. The average total volume and abundance (all size classes combined)
was included in the table.

3.4 EN642 Site 13
3.4.1 EN642 Site 13 Salinity
Surface salinity maps were created, using HYCOM surface salinity data, for the
time of the 4 casts (7, 8, 9. 10) collected at EN642 site 13 (0 plots a-d). This site was
located south of the Bird-foot Delta on the edge of the freshwater plume coming from the
Mississippi River. The surface salinity maps for site 13 show that the freshwater plume
from the Mississippi River was well established and clearly visible. Salinity profiles from
site 13 were similar between casts, with surface salinity ranging from 25-27 and
increasing to about 36 within the top 15 m. Salinity profiles were shallow at site 13, with
the halocline depth ranging from 2-10 m.
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a)

b)

c)

d)

Figure 3.7 Maps of HYCOM Surface Salinity Data for EN642 Site 13
Maps of surface salinity HYCOM data, represented by a color scale, for the date and time of 2019 EN642 site 13 cast 7 (map a), cast 8
(map b), cast 9 (map c), and cast 10 (map d). Black dots with numbers mark the locations of each cast within the map. Salinity is
plotted on a color scale, with blue colors being fresher water and red colors being higher salinity waters. The freshwater plume was
clearly visible during these casts.

3.4.2 EN642 Site 13 Aggregate Abundance
The aggregate abundance plots for each cast at site 13 show a distinct shape of
overall decreasing abundance with depth (Figure 3.8 plots a, c, e, and g). For casts 7 and
10 (plot a and c) aggregate abundance above the diel thermocline shows no distinct
pattern with an increase in depth. However, below the thermocline a steady decrease in
aggregate abundance with increase in depth was observed, going from ~35 L-1 above the
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thermocline to ~18 L-1 at 30 m for cast 7, and ~30 L-1 to ~10 L-1 for cast 10. Casts 8 and 9
(Figure 3.8plots c, and e) had a steady decrease in aggregates through the top 30 m of the
water column. Aggregate count in cast 8 went from ~45 L-1 at the top 2 m to ~8 L-1 at 30
m. Cast 9 (plot e) had ~ 30 L-1 in the top 2 m and decreases to ~8 L-1 by 30 m. Cast 8
(plot c) had the highest abundance in the top 6m of the water column compared to casts 7
and 8 (plots b and d). Casts 9 and 10 showed little difference in abundance when
compared (plot f), except for the top 2m where cast 9 had 10 L-1 more than cast 10.

43

a)

b)

e)

d)

c)

e)

g)

f)

Figure 3.8 EN642 Site 13 Aggregate Abundance
Number of aggregates L-1 for five size classes in 2m depth bins for the four casts in EN642 site 13 (plots a, c, e, and g). Aggregate data
are plotted as bar graphs with temperature, salinity, and beam attenuation profiles for the first 30m of the water column. Plots b, d, and
f present comparison data, where differences in aggregate abundance L-1 between two casts and the temperature differences are
plotted. The depth of the diel thermocline is represented by the thick black lines across plots a, c and e. It is important to note that cast
9 was plotted twice, both labeled as plot e. The abundance plots at this site show a distinct decreasing pattern with depth, particularly
below the depth of the diel thermocline.
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3.4.3 EN642 Site 13 Ellipsoidal Volume
In casts 7 and 9 (Figure 3.9 plot a and e) a high volume of aggregates (~40 mm3L1

and ~70 mm3L-1) was observed above the depth of the diel thermocline, below that

depth ellipsoidal aggregate volume was (~30 mm3L-1 and ~60 mm3L-1). This pattern was
also present in casts 8 and 10 (plot c and g), but with less aggregate volume (~30 mm3L-1
and ~45 mm3L-1) above the thermocline. Cast 8 (plot c) showed a high volume of
aggregates in the top 2 m of the water column (~7 mm3L-1), which was not observed in
any of the other casts at this site. Casts 7 and 9 (plot a and e) had higher aggregate
volume throughout the water column, 30.9 mm3L-1 σ=6.7 (n=15) and 54.88 mm3L-1
σ=15.4 (n=15) average ellipsoidal volume through the top 30 m, when being compared to
the morning casts 8 and 10, 21.35 mm3L-1 σ=13.7 (n=15) and 27.9 mm3L-1 σ=6.7 (n=15).
Comparison plots (plots b, d, and f) also present the higher aggregate volume that casts 7
and 9 had.
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a)

b)

e)

c)

d)

e)

g)

f)

Figure 3.9 EN642 Site 13 Ellipsoidal Volume
Ellipsoidal volume L-1 for five size classes in 2m depth bins for the four casts in EN642 site 13 (plots a, c, e, and g). Volume data are
plotted as bar graphs with temperature, salinity, and beam attenuation profiles for the first 30m of the water column. Plots b, d, and f
present comparison data, where differences in aggregate abundance L-1 between two casts and the temperature differences are plotted.
The depth of the diel thermocline was represented by the thick black lines across plots a, c and e. It is important to note that cast 9 was
plotted twice, both labeled as plot e. The evening casts (7 and 9) at this site had higher aggregate volume through the top 30m of the
water column, compared to the morning casts.
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3.4.4 EN642 Site 13 Summary of Aggregates above the Diel Thermocline
Average volume of aggregates L-1 and average aggregate abundance L-1 above the
diel thermocline for each cast in EN642 site 13 are listed in Table 3.4. These values have
been calculated for two class sizes, ≥ 0.2 - 1.0 mm2 and >1.0 - >1.8 mm2. Each cast had
more volume of the large size class than in the smaller aggregate size class above the diel
thermocline. Conversely, for each cast the smaller size class had a higher aggregate
abundance than the larger size class. The average volume of the larger class size for cast
9 was the highest at 77 mm3 L-1 σ =13, with the other three casts recorded at 46 mm3 L-1 σ
=5.8, 48.9 mm3 L-1 σ =22.4, and 35.4 mm3 L-1 σ =6.4, for casts 7, 8, and 10 respectively.
Table 3.4 EN642 Site 13 Average Volume and Abundance Above Diel Thermocline
Time (CDT)
Cast
7

Cast
8

7/28/2019 21:21

Depth of Thermocline (m)
Size Class (mm2)
Average Volume of
Aggregates (mm3 L-1)
Average Aggregate
Abundance L-1

10
>1.0 STDEV

Total

STDEV

0.2

46.0

5.8

49.8

4.8

1.5

19.3

2.0

42.0

3.1

≥ 0.2 - 1.0

STDEV

3.9
22.7

Time (CDT)

7/29/2019 5:04

Depth of Thermocline (m)

6

Size Class (mm2)

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

Average Volume of
Aggregates (mm3 L-1)

5.3

0.5

48.9

22.4

54.2

22.9

Average Aggregate
Abundance L-1

33.9

1.4

23.4

2.7

57.3

6.0

Time (CDT)

7/29/2019 21:19

Depth of Thermocline
Cast
9

8

Size Class (mm )

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

Average Volume of
Aggregates (mm3 L-1)

3.9

0.5

77.0

13.0

80.9

13.5

Average Aggregate
Abundance L-1

19.1

2.0

16.8

2.0

35.8

4.0

2
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Table 3.4 (continued).

Cast
10

Time (CDT)

7/30/2019 05:38

Depth of Thermocline (m)

6

Size Class (mm2)

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

Average Volume of
Aggregates (mm3 L-1)

2.4

0.3

35.4

6.4

37.8

6.5

Average Aggregate
Abundance L-1

12.7

2.8

12.1

2.3

24.9

5

Average volume and abundance of aggregates L-1, above the diel thermocline, for two size classes per cast in EN642 Site 13.
Calculating these average values in two class sizes shows that there was more variation between casts in average volume of large
particles. Standard deviation was included for each average value. The average total volume and abundance (all size classes
combined) was included in the table.

3.5 EN642 Site 16
3.5.1 EN642 Site 16 Salinity
Site 16 was located southeast of the Bird-foot Delta in the middle of the
freshwater plume from the Mississippi River, shown in Figure 3.10. All four casts were
within the plume (as defined by salinity < 32). Salinity profiles in Figure 3.11Figure 3.12
show low salinity values, approximately 28. Surface salinities ranged between 27-28 and
increased to 36 within the top 10-15 m. The salinity profiles of the individual casts were
similar to one another with significantly smooth data through the top 30 meters of the
water column. The haloclines that were seen in salinity profiles in each cast in Figure
3.11Figure 3.12 were shallow, occurring around 5-10 m
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a)

b)

c)

d)

Figure 3.10 Maps of HYCOM Surface Salinity Data for EN642 Site 16
Maps of surface salinity HYCOM data, represented by a color scale, for the date and time of 2019 EN642 site 16 cast 13 (map a), cast
14 (map b), cast 15 (map c), and cast 16 (map d). Black dots with numbers mark the locations of each cast within the map. Salinity is
plotted on a color scale, with blue colors being fresher water and red colors being higher salinity waters. This site was located in the
same location as site 5 from the EN620 cruise.

3.5.2 EN642 Site 16 Aggregate Abundance
Casts 14 and 16 have higher amounts of aggregate abundance through the entire
top 30 m of the water column when compared to the other two casts (Figure 3.11 plots b,
d, and f). Casts 13 and 15 had higher aggregate abundance in the top 15 m and then a
decrease with depth below that (plots a and e). They also had a peak of aggregate
abundance just above the thermocline. The areas below 15 m in casts 13 and 15 show a
decreasing step-like shape of abundance. Comparison plots b, d, and f show that casts 14
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and 16 had a more even distribution of aggregate abundance through the water column,
with higher abundance towards the bottom of the plots than casts 13 and 15.
a)

b)

e)

c)

d)

e)

g)

f)

Figure 3.11 EN642 Site 16 Aggregate Abundance
Number of aggregates L-1 for five size classes in 2m depth bins for the four casts in EN642 site 16 (plots a, c, e, and g). Aggregate data
was plotted as bar graphs with temperature, salinity, and beam attenuation profiles for the first 30m of the water column. Plots b, d,
and f present comparison data, where difference in aggregate abundance L-1 between two casts and the temperature difference are
plotted (b and d). The depth of the diel thermocline is represented by the thick black lines across plots a, c and e. It is important to note
that cast 15 is plotted twice, both labeled as plot e. Morning casts have a higher volume than the evening casts at this site, particularly
in the lower water column.
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3.5.3 EN642 Site 16 Ellipsoidal Volume
Evening casts 13 and 15 had higher aggregate volume in the top 6-8 m of the
water column, compared to morning casts 14 and 16. Casts 14 and 16 showed higher
volume in the lower 20 m when compared to casts 13 and 15 (Figure 3.12 plots b, d, and
f). The plots for casts 13 and 15 show higher aggregate volume in the top 10 m of the
water column than the next 20 m (plots a and e). Plot c shows a distinct staircase shaped
pattern in cast 14, where aggregate volume increased with depth going from ~12 mm3L-1
near the surface to ~30 mm3L-1 at 30 m (plot c). Casts 13 and 15 had a decrease in
volume right below the depth of the diel thermocline (plots a and e), whereas casts 14 and
16 had an increase in volume right below the depth of the diel thermocline (plots c
and g).
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a)

b)

e)

c)

f)

d)

e)

g)

Figure 3.12 N642 Site 16 Ellipsoidal Volume
Ellipsoidal volume L-1 for five size classes in 2m depth bins for the four casts in EN642 site 16 (plots a, c, e, and g). Volume data are
plotted as bar graphs with temperature, salinity, and beam attenuation profiles for the first 30m of the water column. Plots b, d, and f
present comparison data, where differences in aggregate abundance L-1 between two casts and the temperature differences are plotted.
The depth of the diel thermocline is represented by the thick black lines across plots a, c and e. It is important to note that cast 15 is
plotted twice, both labeled as plot e.

3.5.4 EN642 Site 16 Summary of Aggregates above the Diel Thermocline
Average volume of aggregates L-1 and average aggregate abundance L-1 above the
diel thermocline for each cast in EN642 site 16 are presented in Table 3.5. These values
have been calculated for two class sizes, ≥ 0.2 - 1.0 mm2 and >1.0 - >1.8 mm2 . Each cast
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encountered more volume of the larger size class aggregates above the diel thermocline
than of the smaller size class. However, within each cast the smaller size class had a
higher aggregate abundance than the larger size class. Total average abundance increased
going from cast 13 to cast 16 (Figure 3.11 a, c, e, g) with values of 18.9 L-1 σ=1.9, 21.7 L1

σ=4.6, 26.7 L-1 σ=4 and 32.7 L-1 σ=6.1 for each respective cast.

Table 3.5 EN642 Site 16 Average Volume and Abundance Above Diel Thermocline
Time (CDT)
Cast
13

8/01/2019 21:06

Depth of Thermocline (m)
Size Class (mm2)
Average Volume of
Aggregates (mm3 L-1)
Average Aggregate
Abundance L-1

10
>1.0 STDEV

Total

STDEV

≥ 0.2 - 1.0

STDEV

1.6

0.1

17.6

1.5

19.3

1.6

9.9

0.8

8.9

1.2

18.9

1.9

Time (CDT)

8/02/2019 05:39

Depth of Thermocline (m)
2

Cast
14

Cast
15

Cast
16

Size Class (mm )
Average Volume of
Aggregates (mm3 L-1)
Average Aggregate
Abundance L-1

7
≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

2.4

0.4

14.8

2.5

17.2

2.9

13.5

2.7

8.3

2.0

21.7

4.6

Time (CDT)

8/02/2019 23:38

Depth of Thermocline (m)

5

Size Class (mm2)
Average Volume of
Aggregates (mm3 L-1)
Average Aggregate
Abundance L-1
Time (CDT)
Depth of Thermocline (m)
Size Class (mm2)
Average Volume of
Aggregates (mm3 L-1)
Average Aggregate
Abundance L-1

≥ 0.2 - 1.0

STDEV

>1.0

STDEV

Total

STDEV

2.5

0.3

20.2

4.7

22.6

5

16.6

2.2

10.1

1.9

26.7

4

Total

STDEV

≥ 0.2 - 1.0

8/03/2019 05:33
2.5
STDEV >1.0 STDEV

3.4

0.6

19.1

4.1

22.6

4.7

22.0

4.2

10.7

2.0

32.7

6.1
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Average volume and abundance of aggregates L-1, above the diel thermocline, for two size classes per cast in EN642 Site 16.
Calculating these average values in two class sizes shows that there was more variation between casts in average volume of large
particles. Standard deviation was included for each average value. The average total volume and abundance (all size classes
combined) was included in the table.

3.6 Aggregate Elongation and Volume per Site
Aggregate volume and elongation data were plotted against each other, with data
from each cast combined into their respective sites (Figure 3.13). Plot a contains data
from the three casts at EN620 site 5 and shows a small spread in volume but a wide
spread in elongation, and more elongated aggregates. Data from EN642 site 5 (plot b)
show a high spread of volume but small spread in elongation. Aggregate properties at
EN642 site 13 were similar to site 5, with high spread in volume, low spread in
elongation, and high volume. During the casts from EN620 site 5 and EN642 there was
lower aggregate volume than seen in data from the other two sites and there was a smaller
range in volume at both sites. Site 16 aggregate data had high spread in elongation, but in
genera these elongation values were low.
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a)

b)

c)

d)

c)

d)

Figure 3.13 Aggregate Volume and Elongation per Site
Aggregate ellipsoidal volume and abundance for all sites in the upper 30m of the water column. Both volume (on the vertical) and
elongation (on the horizontal) were plotted on logarithmic scales. The data from the casts in the sites were combined in one plot per
site, with EN620 site 5 labeled as plot a, EN642 site 5 labeled as plot b, EN642 site 13 labeled as plot c, EN642 site 16 labeled as plot
d. Aggregate size classes were identified in the legend. Elongation values closer to 0 represent more rounded aggregates. Aggregates
with elongation values closer to 1 were more elongated. The plots show that sites where water from the MS River and gulf water
interact, had higher aggregate volume and a wide spread of elongation.
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CHAPTER IV - DISCUSSION
The goal of this project was to evaluate the influence that daily heating and
cooling cycles have on marine snow aggregates in the upper water column, in a riverinfluenced environment. To achieve this, 15 marine snow camera casts and 15 CTD casts
were utilized from 4 sites on two different cruises. From the cast data, abundance,
ellipsoidal volume, and elongation were calculated trough the top 30m. From the CTD
data, temperature, salinity, and beam attenuation were analyzed. The results have been
evaluated and compared to other marine snow export research.
4.1 Causes of Abundance and Volume Variations
The accumulation of marine snow aggregates above the diel thermocline in
evening marine snow camera data, both in terms of aggregate abundance (Figure
3.5Figure 3.8Figure 3.11) volume (Figure 3.6Figure 3.9Figure 3.12), can be linked to
density structures in the upper water column that vary throughout the day (Ruiz, 1996).
At the end of a daily heating cycle the upper water column is stratified in terms of
temperature related density. Areas with strong density gradients, such as a diel
thermocline, have been shown to cause accumulations of marine snow (MacIntyre et al.,
1995). In a study by Prarie et al. (2013) density transitions were seen to decrease the
settling of marine snow aggregates through two different methods, fluid entrainment of
lighter fluid and diffusion-limited retention. The 2013 study named these processes as a
cause of aggregate accumulation at density discontinuities. It is likely that the
accumulation of aggregates above the diel thermocline seen primarily in the evening casts
in this study was due to the stagnation of aggregates at density gradients (Prarie et al.,
2013; Prarie et al., 2015; MacIntyre et al., 1995). Whereas in morning casts there was no
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such accumulation above the diel thermocline and a more even distribution of aggregates
in the top 30m of the water column . This means that when the stratification is highest at
the end of the diel heating cycle, marine snow is slowed in its settling in the upper water
column.
Aggregates could be isolated below the density gradient of the diel thermocline,
as heat energy is released from the upper water column during night hours and the diel
thermocline rises in the water column, allowing them to settle below this density
gradient. This trend can also be seen in values for average abundance and volume above
and below the diel thermocline, best seen at site 16 (Figure 4.1). Figure 4.1 shows higher
average aggregate abundance and volume above the diel thermocline than below in the
evening casts (1 and 3). However, the opposite was found in the aggregate data collected
during the morning casts (cast 2 and 4) with higher aggregate abundance and volume
below the depth of the diel thermocline than above. Figures showing average aggregate
volume and abundance above and below thermocline for EN620 Site 5 and EN642 sites 5
and 13 are included in 0, Figure A.1- Figure A.3. 0 included in 0 contains the average
calculations and standard deviations.
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Figure 4.1 Diel Variations in Average Abundance and Volume
Average ellipsoidal volume and abundance values for each cast at site 16. Each cast has two values plotted, a point for above the diel
thermocline and below the diel thermocline. Evening casts were plotted in cool and morning casts in warm colors. The same figures
for EN620 site 5, EN642 sites 13 and 16, and a table containing the averaged values were provided in Appendix A.

This study identified a process by which marine snow can potentially escape the
water column above the diel thermocline. Aggregates that were initially stagnated above
the diel thermocline during the day can be isolated below the surface density gradient
during nighttime cooling hours. As the surface ocean cools overnight and the diel
thermocline shallows, aggregates can be included in the water column below the diel
thermocline where they have the chance to settle further. Identifying this process could
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contribute to the understanding of pluses in aggregate flux seen in previous studies such
as Lampitt et al. (1993), Graham et al. (1999), Goldtwait and Alldredge (2006), and
Blancher (2019).
This finding supports the first hypothesis that variations in the depth of the diel
thermocline can influence daily patterns in aggregate settling and abundance in the upper
water column, but do not completely confirm the hypothesis. The mixing of different
water masses driven by the MS River plume could wipe out variations in aggregate
distribution caused by the movement of the diel thermocline.
4.2 Mississippi River Freshwater Plume Influence
The second hypothesis, which focused of the influence of the MS River on the
marine snow camera data was confirmed in this study
It was initially hypothesized that water masses mixing due to interactions between
plume water and gulf water could overshadow the impact of diel thermocline movement
on marine snow aggregates. The effects of diel thermocline movement on marine snow
aggregates could not been see at sites were the MS River water and Gulf water were
mixing, such as sites 5 and 13 from EN642.
The location of sites in relation to the plume was likely the reason why EN642
sites 5 and 13 did not reflect the same patterns in aggregates driven by the diel
thermocline movement as site 16 did. Site 16 was located within the freshwater plume,
potentially with less interaction between MS river water and GoM water (Figure 3.10).
When water from a freshwater source interacts with higher salinity water from the
oligotrophic ocean there can be increased levels of mixing (Wolanski et al., 2003). This
type of fluid interaction could have been strong enough at sites 5 and 13 from the EN642
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cruise, to wipe out patterns in aggregate volume and abundance caused by the vertical
migration of the diel thermocline.
The presence of the freshwater plume from the MS River during the EN642 cruise
was most likely the cause of increased amounts of marine snow present in the camera
data, compared to cruise EN620 site 5 data (Figure 3.13). Freshwater plumes in the ocean
are often rich in aggregates, due to high phytoplankton activity and high input of
terrigenous sediment from rivers (Bainbridge et al., 2012; Yeung et al., 2012). In the
GoM specifically, primary production and the formation of marine snow increases during
summer months due to increased outflow of fresh, nutrient rich water from the MS River
(Redalje et al., 1994; Lohrenz et al., 1997). These influences from river input reported in
Bainbridge et al., 2012, Yeung et al., 2012, Redalje et al., 1994, and Lohrenz et al., 1997
are suggested to be the cause of high aggregate abundance and volume in the water
column at sites 13 and 16 during cruise EN642.
Data from EN642 site 5 showed the lowest aggregate volume and abundance in
the water column out of all casts, likely because EN642 site 5 was located at the end of
the freshwater plume (Figure 3.4). In river plumes, aggregates tend to floc together and
settle out closer to the sediment and freshwater source (Wolanski et al., 2003), a likely
cause for the low aggregate abundance at EN642 site 5, asaggregates would have formed
and settled before reaching the area.
Camera casts at EN642 site 13 revealed higher volume of aggregates than those
take at site 16, even though site 16 was directly in the middle of the freshwater plume
(Figure 3.10). In marine environments with large amounts of clay, silt, and mud present,
marine snow aggregates will initially settle quickly due to the rapid flocking of these
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smaller particles with sticky marine snow (Takashi and Wolanski, 2002). The lower
aggregate volume seen in the site 16 data can likely be explained by the rapid settling of
muddy marine snow explained in the study by Takashi and Wolanski (2002).
The river plume can influence the settling of marine snow due to density
discontinuities caused by the surface fresh water. The salinity profiles presented in Figure
3.2Error! Reference source not found., Figure 3.5, Figure 3.6,Error! Reference
source not found. Figure 3.11Figure 3.12 show a layer of lower salinity water in the top
2-10m of the water column, with the thickness of the low salinity layer depending on the
proximity to the Bird Foot Delta. Similar salinity structures have been shown to effect
vertical mixing in the ocean (Hetland, 2005; Nash and Moum, 2005). Just as density
discontinuities driven by temperature gradients can slow the settling of marine snow, so
can salinity driven density discontinuities (Alldredge, 2002). However, because
variations in the freshwater plume are not controlled by diurnal forces, the diel
thermocline movement likely still influences the settling of marine snow and is not
overshadowed by the salinity stratification.
The data from different sites located in or near a river plume provide useful
insight for studies on particulate organic carbon and CO2 sinks in freshwater influenced
environments. A project in the Atlantic Ocean found the Amazon River plume to be a
significant CO2 sink during time of high outflow (Körtzinger, 2003). Work done on
Arctic shelves has identified the Laptev Sea as a likely area for increased POC export in
the coming years due to reduced ice cover and increased freshwater influx (Lalande et al.,
2009). In the GoM specifically, this research aligns with the results of Daly et al., (2020),
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aiming to predict the fate of marine oil snow by providing insight into what can happen to
marine snow aggregates in different areas of the MS River plume.
4.3 Alternate Sources of Influence
Apart from the direct influence of the river, a few other processes could have
affected the data in this study and must be acknowledged. Lateral advection of water
masses with higher or lower amounts of aggregates could be the cause of unusual particle
loads seen within some casts of cruise EN642. EN642 site 5 cast 2 had high aggregate
volume compared to the other casts at site 5, and site 13 cast 8 had highest aggregate
abundance and volume compared to the other casts at site 13. A few different forces
could drive lateral advection of water masses. Wind energy (Cushman-Roisin, 1981),
surface currents driven by the MS River (Daly et al., 2020), tidal currents (Gough et al.,
2016), and temperature driven currents such as the loop current and large anticyclones
(Morey et al., 2003). These processes cause different currents in the GoM that can cause
lateral advection of different water masses.
Near surface lateral advection due to wind stress could have caused seemingly
anomalously high aggregate abundance and volume in the water column, seen in the
water column in some casts. Cushman-Roisin (1981) argued that, with increased wind
energy in the evening, an increase in horizontal movement of water masses in the upper
water column was occurring.
The loop current and anticyclonic eddies that pinch off are a dominating force in
ocean circulation in the GoM (Oey et a., 2013). These currents can also entrain
freshwater from the MS River and redistribute fresh water through the GoM (Morey et
al., 2003). Tidal currents have been shown to cause both horizontal and vertical mixing in
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the ocean (Lwiza et al., 1991). Internal currents driven by the interaction of fluids with
different densities can cause transport and mixing of water masses in the upper ocean
(Garrett and Munk 1979). These processes have the potential to move water masses and
influence particle distribution data with low or high particle loads.
Surface currents in the GoM driven by the influx of river water could also cause
lateral advection of water masses that could have affected the particle distribution data.
The MS River has been shown to cause eastward lateral advection and mixing of
different water masses in the GoM (Daly et al., 2020). HYCOM surface salinity maps
show single and double vortices occurring due to MS River water mixing with the GoM
water during cruise EN642 (Figure 3.4, Figure 3.7, Figure 3.10). The mixing water
masses seen in the HYCOM figures and previous studies such as Daly et al., (2020)
support the theory that particle distribution data in this study could have been influenced
by lateral advection caused by the MS River outflow.
As previously stated, primary production and the formation of marine snow
increases during months of high freshwater discharge from the MS River. However,
during this time of increased primary productivity there is also increased grazing on
marine snow by zooplankton, leading to low ratios of export to production (Redalje et al.
1994). While loss due to zooplankton grazing does impact marine snow while it settles
(Möller et al., 2012; Kiørboe, 2001; Dilling and Alldredge, 2000), it is most likely
influences settling patterns on a seasonal cycle rather than daily (Ruiz, 1996).
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CHAPTER V - CONCLUSION
This study identified a process by which marine snow aggregates are likely able
to escape below the diel thermocline, via the movement of the diel thermocline. This
process is illustrated in Figure 5.1, with the influence of the diel thermocline on marine
snow aggregates shown in the evening, overnight, and in the morning. During the day,
marine snow aggregates form at the surface and slow in their settling above the depth of
the diel thermocline. Then as the surface ocean begins to cool and this diel thermocline
shallows, those aggregates potential get isolated below the depth of the upward migrating
diel thermocline. By the morning, they have been able to settle further into the water
column, occupying more of the water column below the depth of the diel thermocline,
before the diel thermocline begins to deepen again as the upper water column warms
throughout the day.

Figure 5.1 Diel Thermocline Movement Influence
Diagram showing the process by which marine snow aggregates escape the near surface mixed layer via the movement of the diel
thermocline. A thick black line marks the depth of the diel thermocline in each pane. The far left pane represent the end of the diel
heating cycle, the middle pane represent the cooling process overnight with the shallowing of the diel thermocline, and the right pane
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represent the morning time when the diel thermocline begins to deepen again. Black arrows show the movement of the diel
thermocline during that specific time of day, and orange arrows show the movement of marine snow aggregates at that time. The
diagram depicts the upper 30m of the water column, with values on the left marking the surface and 30m.

Sites that experienced more interaction between water from the MS river plume
and GoM water did not reflect the pattern explained above as clearly as sites that were
within the freshwater plume. Processes such as lateral advection and mixing of different
water masses could wash out the effect of diel thermocline movement by moving water
masses with lower or higher levels of aggregates into the cast area.
Future studies could focus on the two hypothesis of this study separately, to
isolate the effects of diel thermocline movement and the freshwater plume on marine
snow aggregates. Conducting casts over daily heating and cooling cycles in an
oligotrophic area, such as the northern Atlantic Ocean, would allow the effects of the diel
thermocline movement to be evaluated more closely without influence from a nearby
freshwater source. Conversely, to further explore the influence that the freshwater plume
from the MS River has on marine snow in the surface ocean, a similar study to this one
could be conducted at different times of the year. With this method the seasonal
variations in MS River outflow could be evaluated for the impacts on the formation and
settling of marine snow aggregates.
The accuracy of these methods could be improved by better defining the extent of
the freshwater plume and its influence on density within each site. CTD density profiles
could be compared between open ocean data, data from within the plume, and data from
areas experiencing mixing of water masses. This would create a reference to determine
what density values should be expected when each of these environments is dominant
during a cast. This method would allow for sites to be better classified based on what
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environmental factors (freshwater, gulf water, or mixed water) was more influential on
density stratification in the upper water column.
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APPENDIX A – Diel Aggregate Variations Above and Below Thermocline Figures and
Tables

Figure A.1 Average Abundance and Volume plot for EN620 Site 5
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Figure A.2 Average Abundance and Volume plot for EN642 Site 5
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Figure A.3 Average Abundance and Volume plot for EN642 Site 13
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Table A.1 Average Abundance and Volume Values Above and Below Thermocline

EN620
Site 5

Cast

1

2

3

Time (CDT)

8/20/2018
03:47

8/22/2018
23:51

8/24/2018
02:44

4

5

4

Depth of
Thermocline (m)
Size Class
(mm2)
Average Volume
of Aggregates
Above (mm3 L-1)
Average Volume
of Aggregates
Below (mm3 L-1)
Average Number
of Aggregates
Above (mm3 L-1)
Average Number
of Aggregates
Below (mm3 L-1)
Cast
Time (CDT)

EN642
Site 5

Depth of
Thermocline (m)
Size Class
(mm2)
Average Volume
of Aggregates
Above (mm3 L-1)
Average Volume
of Aggregates
Below (mm3 L-1)
Average Number
of Aggregates
Above (mm3 L-1)
Average Number
of Aggregates
Below (mm3 L-1)
Cast
Time (CDT)

EN642
Site 13

Depth of
Thermocline (m)
Size Class
(mm2)
Average Volume
of Aggregates
Above (mm3 L1)

Total

STDEV

Total

STDEV

Total

STDEV

10.5

1.1

6.6

1.7

7.5

4.1

10.5

1.1

5.7

2

6.4

2.4

26.8

8.3

21.7

14.1

23.4

10.4

22

4.8

21.1

5.2

22.2

4.5

1
8/02/2019
05:39

2
7/24/2019
05:40

3
7/24/2019
21:19

4
7/25/2019
05:38

14

10

12

6

Total

STDEV

Total

STDEV

Total

STDEV

Total

STDEV

5.4

1.9

19.7

3.4

5.7

4.6

3.3

1.2

3.8

0.8

5.6

6.8

3.1

1.0

2.4

.5

4.7

0.5

4.6

1.6

4.9

1.6

1.8

0.1

4.3

.6

4.0

.4

4.0

.7

2.1

.2

7
7/28/2019
21:21

8
7/29/2019
05:04

9
7/29/2019
21:19

10
7/30/2019
05:38

10

6

8

6

Total

STDEV

Total

STDEV

Total

STDEV

Total

STDEV

49.8

4.8

54.2

22.9

80.9

13.5

37.8

6.5
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Table A.1 (Continued)
Average Volume
of Aggregates
Below (mm3 L1)
Average Number
of Aggregates
Above (mm3 L1)
Average Number
of Aggregates
Below (mm3 L1)
Cast
Time (CDT)

EN642
Site 16

Depth of
Thermocline (m)
Size Class (mm2)
Average Volume
of Aggregates
Above (mm3 L1)
Average Volume
of Aggregates
Below (mm3 L1)
Average Number
of Aggregates
Above (mm3 L1)
Average Number
of Aggregates
Below (mm3 L1)

28.3

5.7

16.4

3.4

56.1

16.5

25.6

4.12

42.0

3.1

57.3

6.0

35.8

4.0

24.9

5

21.4

4.4

15.3

7.05

13.5

5.2

15.0

3.5

13
8/01/2019
21:06

14
8/02/2019 5:39

10

15
8/02/2019
23:38

16
8/03/2019
05:33

5

2.5

7

Total

STDEV

Total

STDEV

Total

STDEV

Total

STDEV

19.3

1.6

17.2

2.9

22.6

5

22.6

4.7

10.8

1.7

16.7

6.5

6

1.1

9.1

2.3

18.9

1.9

21.7

4.6

26.7

4

32.7

6.1

1.8

4.4

17.9

3.7

8.9

1.4

13.0

1.6
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